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ABSTRACT OF THE THESIS 
 
Optimization of surface passivation for suppressing leakage current  
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Professor Dwight C. Streit, Chair 
 
The suppression of leakage current via surface passivation plays a critical role for GaSb based 
optoelectronic devices. In this study, the sulfur passivation parameters are carefully optimized in 
this study for improving the performance of GaSb p-i-n devices. Two competing processes are 
evaluated during the sulfur passivation process: the hydrolysis and oxidation of HS- ions that aide 
surface passivation and re-oxidation, respectively. Upon the optimization of sulfur passivation 
parameters and subsequent encapsulation with ALD Al2O3, the surface resistivity significantly 
increased from 4.3𝑘Ω ∙ 𝑐𝑚 to 28.6𝑘Ω ∙ 𝑐𝑚, leading to 19.1 times drop in dark current at room 
temperature for the GaSb p-i-n structure. This work provides a repeatable and stable passivation 
approach for improving the optoelectronic performance of GaSb based devices. 
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The GaSb nanostructures are widely applied in thermo-photovoltaic cells, solar cells and 
photodetectors due to their high carrier mobility and bandgap engineering flexibility.[1-6] However, 
the unpassivated GaSb devices are prone to high trap state density from unterminated dangling 
bonds and native oxides. These native oxides are formed via the following reactions:[7]  
 2	𝐺𝑎𝑆𝑏 + 3𝑂! → 𝐺𝑎!𝑂" + 𝑆𝑏!𝑂" (1) 
 2	𝐺𝑎𝑆𝑏 + 	𝑆𝑏!𝑂" 	→ 	𝐺𝑎!𝑂" + 4	𝑆𝑏 (2) 
These dangling bonds and oxide layers give rise to high surface state density and Fermi level 
pinning within the bandgap[8] that increases the surface recombination velocity (leading to large 
surface leakage current) and deteriorates the opto-electronic performance of as-fabricated devices. 
The suppression of surface leakage current is thus highly desirable for GaSb-based optoelectronics.  
Chemical sulfur passivation has proven to be an effective way to reduce surface leakage 
current and is widely used in GaAs based devices.[9-13]  Generally, the sulfur passivation can be 
achieved by immersing the device into ammonium sulfide (NH4)2S solution, where the dangling 
bonds on the device surface can be saturated by the sulfur species, i.e. HS- and H2S, after the 
removal of the native oxide layer through the following reactions: 𝐴###𝐵$ + 𝐻𝑆% + 𝐻!𝑂 → (𝐴###)&!𝑆'! + (𝐵$)&!!𝑆'!! + 𝑂𝐻% + 𝐻! ↑ [14] (3) 𝐴###𝐵$ +	𝐻!𝑆 → 	 (𝐴###)&!𝑆'! +	(𝐵$)&!!𝑆'!! + 𝐻! ↑ [11] (4) 
A thin sulfide monolayer will then be formed on the device surface that terminates the surface 
dangling bonds, which increases shunt resistance and decreases carrier recombination on the 
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surface. Though improvements of electrical and optical performance due to this mechanism have 
been observed, [15-18] it should be noted that this aqueous-based chemical reaction is influenced by 
different parameters such as dilution ratio, pH, temperature, and passivation time.  
In this study, the impacts of these parameters on the GaSb p-i-n devices were investigated 
upon ammonium sulfide (NH4)2S passivation. The suppression of leakage current was at first 
deduced by comparing pre- and post-treatment current density-voltage (J-V) characteristics on p-
i-n GaSb on GaAs substrate (will be referred to as GaSb/GaAs) devices. We observed that the 
surface resistivity increased by 3-orders and dark current dropped 16.1 folds at room temperature 
through the optimization of sulfur passivation parameters. To determine the efficacy of the 
passivation scheme, it was further applied to p-i-n GaSb on GaSb substrate (will be referred to as 
GaSb/GaSb) device. A similar reduction of dark current was also observed. Finally, the influence 
of Al2O3 on the reduction and stability of surface passivation was also studied. A stable passivated 
surface without degradation was obtained upon Al2O3 deposition. Based on a combination of 
modified sulfur passivation and Al2O3 deposition, the surface resistivity increased by more than 
6.7 folds and leakage current dropped by 19.1 folds for p-i-n GaSb/GaSb device at room 
temperature.
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2. Experimental section 
2.1 Device design and growth via Molecular-beam epitaxy (MBE) 
The GaSb p-i-n devices shown in Figure 2-1 were grown on the semi-insulating (SI) GaAs 
(100) and GaSb (100) via a Veeco Gen930 solid-source molecular-beam epitaxy (MBE) reactor, 
respectively. 
 
Figure 2-1 Schematic diagram of (a) mesa structure with passivation. Detailed layer structure of GaSb p-i-n devices grown on (b) 
GaAs (100) and (c) GaSb (100) are also presented.  
For the heterostructure in Figure 2-1(a), the GaSb p-i-n devices layers were grown at 500 ℃ with 
the Sb/Ga beam equivalent pressure (BEP) ratio of 6 via interfacial-misfit (IMF) growth 
technology.[19] The GaSb p-i-n structure in Figure 2-1(b) was also grown at 500 ℃ under similar 
conditions, but on GaSb (100) substrate after the removal of native oxide layer at 540 ℃. Tellurium 
(Te) and Beryllium (Be) were used as the p-dopants and n-dopants for both GaSb p-i-n devices, 
respectively. Because as-grown GaSb layers were measured to have an acceptor concentration of 
~7 × 10()	𝑐𝑚%", n-doping compensation were implemented for both devices through using Te in 
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order to reduce the electronic noise. The minimum background doping level of 6 ×10()	𝑐𝑚%"	and 2 × 10()	𝑐𝑚%" were achieved after the compensation.  
2.1 Device fabrication and characterization 
Mesa devices with different diameters, 100, 200 and 400𝜇𝑚, were fabricated through standard 
photolithographic process. Ge/Ni/Ge/Au and Ni/Ge/Au layers were used for n-GaAs and n-GaSb 
contacts, respectively. In order to obtain a good electrical contact, HCl (37%): H2O= 1: 1 etching 
solution was used to remove the native oxide layer before metal deposition. The samples used in 
this study, prior to different passivation treatments, were all from the same growth batch and 
fabricated together for fair comparison. Since, oxygen forms more stable and stronger Ga-O and 
Sb-O bonds compared to Ga-S and Sb-S, HCl polishing is required before sulfur passivation. The 
surface native oxide layers were removed by immersion in HCl (37%): H2O: IPA mixed solution 
with the ratio of 3: 2: 1 for 30 seconds, followed by 5 seconds of de-ionized water (DI) dip and N2 
blow dry. The polished samples were then quickly transferred into ammonium sulfide (NH4)2S 
solution. After passivation, the samples were dipped for 10 seconds in DI water and N2 blow dry. 
All dark current measurements after sulfur passivation were conducted by using High-frequency 
Probe Station and Agilent 4156C semiconductor parameter analyzer at room temperature. A 30 
nm Al2O3 layer was deposited on sulfur passivated GaSb/GaSb device after I-V measurement by 
using Atomic Layer Deposition (ALD) at 200℃ substrate temperature. 
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3. Results Discussions 
3.1 Surface passivation for GaSb/GaAs heterostructure device 
3.1.1 The influence of (NH4)2S solution conditions on the effect of passivation 
Figure 3-1 shows the dark current density with respect to voltage curves after different sulfur 
passivation treatments. Only one variable was changed for each passivation scheme to ensure the 
validity of the comparison. The first passivation was conducted in a saturated (NH4)2S solution at 
room temperature for 15 minutes, as can be seen from Figure 3-1(a). The elimination of native 
oxide after HCl polishing reduced the surface states, leading to a drop in dark current. However, 
the dark current unexpectedly increased after initial sulfur passivation. This can be explained 
through examining the solution chemistry. In (NH4)2S solution, both NH4+ and S2- ions will 
hydrolyse into (NH3)∙H2O and HS- through the following reactions:  
 NH4++H2O ⇌ (NH3)	∙H2O+H+ (5) 
 S2−+ H2O ⇌ HS−+ OH− (6) 
The HS- ions can further hydrolyze and form H2S gas: 
 HS−+ H2O ⇌ H2S (g) + OH− (7) 
This reaction however is limited under room temperature or in concentrated solution.[20] 
Additionally, the HS- is unstable when oxygen is present and will partly oxidize into thiosulfate 
(S2O32-): [21] 
 2HS−+ 2O2 → S2O32-+H2O (8) 
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The +6-valency of the central S ion in S2O32 makes it a highly oxidizing agent.[22] Therefore, when 
treating the sample with high concentration (NH4)2S solution, as in this case, the polished sample 
surface was re-oxidized by S2O32 and lead to an increase of leakage current. The oxidation of the 
surface in concentrated sulfur solution was also observed from XPS measurement study on SiGe, 
where it was proposed that sulfite and thiosulfate adsorb onto the surface and promote surface 
oxidation.[23] 
 
Figure 3-1 Comparisons of J-V curves (@298K) for 400𝜇𝑚 GaSb/GaAs p-i-n devices treated by (a) (NH4)2S: H2O with the ratio 
of 1: 4 at 25℃ for 15 minutes, (b) (NH4)2S: H2O with the ratio of 1: 4 at 50℃ for 15 minutes, (c) HCl: (NH4)2S: H2O with the 
ratio of 0.1: 1: 4 at 50℃ for 15 minutes, (d) HCl: (NH4)2S: H2O with the ratio of 1: 5: 500 at 50℃ for 15 minutes. 
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Besides HS- ions, H2S gas is another sulfide that contributes to the surface passivation. Since 
aqueous HS- is not as effective as we expected, we surmised that the increase of H2S gas may 
enhance the effect of sulfur passivation. The restricted reaction (7) can be realized at elevated 
temperatures. As can be seen from Figure 3-1(b), the sample shows a drop in dark current, 
compared with prior treatment (a), after dipping the sample in 50 ℃  (NH4)2S solution. 
Furthermore, a more reactive surface and sulfur species, under the aid of high temperature, may 
contribute to the drop as well.[24] This observation validated our assumption that H2S is more 
effective than HS- ion in terms of GaSb surface passivation. 
Further study was conducted through adding acid into the previous (NH4)2S: H2O (1:4) 
solution. A decrease of dark current can be clearly seen from Figure 3-1(c). We initially assumed 
that by adding acid to the solution (i) the formation of H2S gas would be promoted and (ii) acidic 
environment would prevent the surface from re-oxidizing with S2O32. However, we noticed that 
the addition of HCl into as-prepared (NH4)2S solution made the solution turbid. This can be 
attributed to the formation of elemental sulfur biproduct when thiosulfate reacts with protons: 
 S2O32+ 2H+ → SO2+S (s) +H2O (9) 
Since the solution pH remained at 11 after adding 1 mL HCl, the basic environment indicates that 
the protons are first exhausted thoroughly by thiosulfate before it can react with OH- or HS. The 
partial depletion of thiosulfate in the solution leads to a weakening of re-oxidation of the surface 
further promoting Ga-S and Sb-S bonds, leading to a decrease in leakage current. 
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Figure 3-1(d) shows the dark J-V characteristics after diluting the (NH4)2S solution, a further 
suppression of leakage current was achieved. Diluting the sulfur solution further promotes reaction 
(7) leading to an increase of H2S gas and demotes reaction (8) leading to a decrease in S2O32. The 
pH of HCl: (NH4)2S: H2O= 1: 5: 500 solution dropped to 7 from 11. However, making the solution 
more acidic, from our observation, can damage the metal contact surface. In particular, the solution 
dielectric constant decreased in the course of dilution, lower dielectric constant favours the 
formation of covalent bonds between soft acid Lewis centers[25] and the sulfide species, leading to 
a decrease of surface recombination velocity[26] and thereafter surface leakage current.  
3.1.2 The influence of immersion time on the effect of passivation 
 
Figure 3-2(a) The influence of different passivation time on the dark current density for 𝑑=400𝜇𝑚 GaSb/GaAs p-i-n devices 
(@298K), (b) Comparison of surface resistivity change before and after optimized passivation (HCl: (NH4)2S: H2O= 1: 5: 500 @ 
50℃ for 10 mins).   
Based on the passivation recipe obtained from Figure 3-1(d): HCl: (NH4)2S: H2O= 1: 5: 500 
at 50℃, we further studied the influence of different immersion time on the surface passivation, as 
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shown in Figure 3-2(a). If the immersion time is insufficient, e.g. 5 minutes, the surface passivation 
is not enough, and many dangling bonds remain unterminated. If the immersion is excessive, the 
oxygen will eventually replace the sulfur on the surface with the existence of S2O32-, resulting in 
the increase of leakage current as indicated by the blue curve in Figure 3-2(a). More importantly, 
it should be noted that the dark current after 20 minutes passivation is even greater than that of 5 
minutes passivation, which means that the GaSb surface is prone to oxidation, monolayer sulfur 
terminated bonds are replaced by oxygen. The surface resistivity, as shown in Figure 3-2(b), was 
obtained by fitting the curve of the inversed zero-bias dynamic resistance-area product 1/	(𝑅*𝐴)	as a function of perimeter-to-area ratio P/A: 
 
1𝑅!𝐴 = % 1𝑅!𝐴&"#$% + ( 1𝑟&#'()*+* × 𝑃𝐴 (10) 
where the 𝑟+,-./01  represents the surface resistivity. The surface resistivity increased from 
91.3Ω ∙ 𝑐𝑚  to 16.3 𝑘Ω ∙ 𝑐𝑚  after the optimized sulfur passivation, indicating a successful 
suppression of leakage current. The leakage current dropped 16.1 folds at 0.5V reverse bias and 
the rectification ratio at ±0.5V increased from 0.62 to 1.87.  
3.2 Optimized surface passivation for GaSb/GaSb homostructure device 
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Figure 3-3(a) Dark J-V curves of before and after passivation for 𝑑=400𝜇𝑚 GaSb/GaSb p-i-n device (@298K), (b) Comparison 
of surface resistivity change before and after passivation.   
To verify the effectiveness and repeatability of this modified surface passivation recipe, we 
further passivated GaSb/GaSb p-i-n device with 2 μm intrinsic region shown in Figure 2-1(c). The 
surface leakage current is more dominant in this structure owing to the larger surface-to-volume 
ratio. Additionally, in GaSb/GaSb homostructures the surface leakage current accounts for a larger 
fraction of the dark current compared to GaSb/GaAs heterostructures due to the absence of 
interfacial IMF layers. Interfacial misfit dislocations introduce trap states that increase (Shockley-
Read-Hall) SRH generation-recombination current. Figure 3-3(a) shows the dark current density 
change via the optimized passivation recipe obtained from Figure 3-2(a). A similar reduction (15.1 
times drop at 0.5 reverse bias) of dark current was achieved demonstrating the effectiveness of this 
optimized passivation method. The effects are a by-product of the chemical processes described 
in Section 3.1, namely oxidation and hydrolysis of HS- ion leading to a competition between 
surface passivation and re-oxidation. These two competing reactions are ubiquitous throughout in 
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the course of passivation, an optimum surface passivation can be realized when the hydrolysis of 
HS- ion is favoured and the re-oxidation is inhibited. 
Regardless of the improvement in dark current after sulfur passivation, the monolayer film is 
unstable and desorbs from the sidewall surface over time so that the leakage current reverts to pre-
passivation levels. To avert this, a 30 nm Al2O3 layer was deposited on the sulfur passivated 
GaSb/GaSb device sidewall to investigate the influence of Al2O3 encapsulation on the desorption 
of sulfur atoms and surface passivation. As can be seen in Figure 3-3(a), the dark current density 
was further suppressed after Al2O3 deposition, notably at larger reverse bias. This further drop may 
be attributed to the removal of re-grown oxides after sulfur passivation. Trimethlyaluminum (TMA) 
precursor,[27] for ALD Al2O3 growth, was shown to reduce or “clean-up” In and As native oxides. 
Similar phenomena can be hypothesized for GaSb passivation as well, where the Al-O interfacially 
bonds through either supplementing or substituting Sulfur terminated bonds further decreasing 
surface leakage current. [28-30] More importantly, after measuring the device 30 days later, the 
leakage current remains the same as that after passivation, suggesting that the encapsulating layer 
can effectively inhibit the desorption of sulfur atoms. Figure 3-3(b) shows significant increase in 
surface resistivity after passivation. Compared to the significant increase in surface resistivity after 
sulfur passivation, the surface resistivity only increases by a small fraction after Al2O3 deposition, 
suggesting that the surface had been very close to be fully passivated through the previous sulfur 
passivation. The leakage current dropped 19.1 times at 0.5 V reverse bias by combining modified 
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sulfur passivation and Al2O3 encapsulation, leading to the increase of rectification ratio (±0.5V) 
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4. Conclusions 
The impact of passivation on the GaSb p-i-n device leakage current was investigated upon 
ammonium sulphide (NH4)2S passivation. Two competing reactions are inferred to exist 
throughout the course of passivation: hydrolysis and oxidation of HS- ions leading to surface 
passivation and oxidation respectively. Due to the complex reactions on the GaSb surface with 
(NH4)2S solution, a neutral environment, higher temperature, and appropriate immersion time need 
to be carefully optimized in order to maximize the passivation quality. After the passivation 
parameters (including temperature, acid, pH, and time) were finalized, the surface resistivity 
increased significantly, followed by two orders of magnitude decrease in dark current at room 
temperature for GaSb/GaSb p-i-n photodiodes. Further suppression of leakage current was 
achieved based on the combination of modified sulfur passivation and Al2O3 deposition. This 
research paves the way for improving the optoelectronic performance of GaSb devices via 
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5. Appendix. Device Fabrication 
5.1 Photolithography 
1. Sample piece cleaning: Acetone rinse-> Methanol rinse -> IPA rinse -> N2 dry 
2. Hard bake at 150 ℃ for 3 minutes. 
3. Spin coating AZ-5214 photoresist on the sample piece. 
4. Soft bake at 100 ℃ for 1 minutes. 
5. Pattern the sample with different mask by using the Karl Suss Contact Aligner. 
6. Develop the exposed area by using AZ-400K developer 
7. Descum the photoresist residue by using Matrix Asher at 50 ℃ for 1 minutes. 
5.2 Mesa etch 
1. Etch the device sample using Unaxis SLR 770 etcher (BCl3/Ar, 50:10 sccm, RF power = 
800W) to the desired device layer. Measure the etch depth using Dektak profiler.  
2. Cleaning the etched sample with Acetone and IPA, followed by N2 blow dry. 
5.3 Metal deposition 
1. Repeat 5.1 
2. Dip the sample in HCl:H20 = 1:1 for 30 seconds to remove the native oxide before deposition. 
3. Quickly load the sample into New CHA e-beam evaporator, deposit appropriate metal as 
required: Ni/Ge/Au (100:500:1500 Å ) for n-GaSb bottom contact, Ge/Ni/Ge/Au 
(500:100:500:1500 Å) for n-GaAs bottom contact. Ti/Pt/Au (500:500:1000 Å) for Top 
contact.  
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4. Lift off the metal layer by immersing sample piece into Acetone for 10 minutes, followed by 
IPA rinse and N2 Blow dry. 
5. Descum the photoresist residue by using Matrix Asher at 50 ℃ for 1 minutes 
5.4 Sidewall passivation 
1. Prepare HCl: H2O: IPA = 3: 2: 1 mixed solution and (NH4)2S solution. 
2. Dip sample piece in the mixed solution for 30 seconds to remove native oxide layer on the 
sidewall surface, followed by 5 seconds DI water rinse.  
3. Immerse sample piece into as-prepared (NH4)2S solution with different treatments (specific 
procedures are in the Experimental section).  
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